ABSTRACT
INTRODUCTION
The share of power generated from renewable energy sources (RES) is expected to rise significantly in Europe. However, most RES have no inherent storage capabilities and thus the power generation directly follows the actual conditions (wind speed, water flow of rivers, solar radiation intensity). These depend on seasonal, meteorological or other conditions and are not controllable. Recent studies indicate that with a further deployment of RES, its grid integration is likely to become an issue due to shortages of balancing capacities. Today, mainly the existing conventional thermal generation plants have to balance the unavailability of RES but their capacity will continuously decline in the coming decades. Only large scale energy storage systems like the large hydro power plants (converted into pumped hydro) or hydrogen systems (electrolysis and underground storage) may have the potential to cope with seasonal fluctuations and may avoid the erection of new thermal power plants, e.g. gas turbines. Another target of today's energy policies for a future sustainable electricity supply is the increase of distributed generation at locations close to the customers. As a consequence new applications for energy storage can be seen in the field of distributed energy systems (Fig. 1) . A favoured smart-grid approach is the so-called "microgrid", defining more or less autonomous sub-grids. While normally connected to the large public supply grid, an independent micro-grid could be separated in case of failures upstream, guaranteeing a continuation of the supply based on distributed generation units within this micro-grid. In this concept it appears absolutely necessary to provide fast generation units for immediate load balancing when isolated from the public supply grid. With non-dispatchable RES and must-run technologies such as certain CHP-units, the use of energy storage is a prerequisite.
The interest for such high-quality micro-grids is seen especially where an enhanced supply quality is needed and costs due to supply interruptions are considered to be sufficiently high to justify the additional investments. Another approach for the use of embedded energy storage is seen in the context with so-called virtual power plants. Different small generation units and energy storage systems can be bundled via a suitable communication system in order to operate like one large power plant, rendering their electricity production in total more reliable. This is an opportunity for RES to take part in the different electricity markets and to deliver system services and balancing power within a balancing group. Also with respect to a broader dissemination of electricity production from RES, energy storage systems may contribute to make this production more reliable with respect to grid planning and operation. In this case the investment for suitable storage systems compare to the possible benefits in the grid. Optimized placement of energy storage systems on the network may avoid or at least postpone the upgrading of existing lines otherwise necessary (bottleneck-management). The advantage of embedded storage systems is that they can be multi-purpose. Combined with a suitable control and management system they are in principle able to provide all the above mentioned services at the same time -even for the transmission grid. Of course an appropriate design of the storage system will be more difficult as it is no longer possible to use a tailor-made storage system, optimized only for one application. Furthermore, the economic validation In the future a further impact of energy storage applications on the distribution grids can be expected from the transportation sector (vehicle-to-grid). The fuel stored in today's cars and trucks fleet represents an enormous potential to be replaced in the future at least partly by batteries (plug-in hybrid vehicles). Recent announcements from car manufacturers see about 1 million of electric cars in Germany by 2020. As long as these mobile storage systems are connected to the grid and controlled by a suitable management system, they are in principle able to provide also grid services in the time scale from milliseconds up to several hours. Therefore these mobile storage systems may partly reduce the need for stationary storage systems.
STORAGE TECHNOLOGIES TO BE USED IN DISTRIBUTION SYSTEMS
The lead-acid battery is one of the oldest and today still the most used secondary battery technology worldwide. Their biggest advantage is the low cost compared to other storage systems. But still, lead-acid batteries for large stationary applications are not produced in large quantities of one cell type in fully automated production lines as they are used today for car batteries to achieve sufficient economy of scale effects. Therefore, especially for large scale applications there is still room for cost reductions but also for technical improvements with regard to lifetime. The typical efficiency range is 80-85 %. The lead-acid battery is best suited for discharge durations in the range of 1 hour and more. The lead-acid batteries suffer especially from their short life-time, limited usually to a few thousand of cycles and depending strongly on the depth of discharge (DOD). Nickel-cadmium batteries are a very successful battery product from a technical point of view and it is the only battery technology that still features a good power capability at temperatures in the range of -20 to -40°C. Large battery systems built from NiCd batteries are in operation, similar to those for lead-acid batteries. The specific costs per capacity are significantly higher compared to lead-acid batteries, however they can provide a long cycle lifetime with more than 10.000 cycles at 80 % DOD. There are several technology variants available for an optimization adapted to the specific requirements (lifetime, cycle number, and power requirement). On the one hand, this makes it difficult to give some general statements on the performance; on the other hand it gives room for numerous companies and players in the field and a strong competition among companies and technologies. The efficiency is 90 to 95 %, the gravimetric energy density is superior to all other commercial rechargeable batteries in the capacity range of kWh and above. Sodium-Nickel-Chloride-(NaNiCl, also called Zebrabattery) and Sodium-Sulphur-batteries (NaS) have a solid state electrolyte instead of a liquid one like other batteries. To achieve sufficient ion conductivity and to transfer the active masses into fluid condition, an operation temperature of 270 -350°C is necessary. When the battery is cooled down, charging or discharging is not possible anymore and there is the danger of cracks in the ceramic electrolyte because of mechanical tensions. For daily utilization, the temperature of the battery can be maintained by its own reaction heat with an appropriately dimensioned isolation. Thereby these batteries qualify for applications with daily cycling. In Japan, NaS batteries are commercially available and are used in many stationary applications such as load leveling, sometimes including emergency power supply and UPS. NaNiCl batteries are commercially available in Europe mainly for mobile application such as full electric vehicles. The efficiency is 70-80 %. High temperature batteries are typical high energy batteries.
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In redox-flow batteries, the active material is made up of salt, which is dissolved in two different fluid electrolytes. The electrolytes are stored in tanks and are pumped, when needed, into a central reaction unit (stack) for the charge or discharge process. Similar to fuel cells the stack undergoes no physical or chemical change during the charge/discharge process. The size of the tank determines the energy capacity of the battery; the stack determines the power. Principally, this battery technology suits very well for a large-scale technical operation because the construction of bigger tanks can be done very easily and effectively. The all-vanadium redox-flow battery is particularly interesting, because it can be used for both electrodes. In Japan installations are already built and operated since years for load-levelling applications. Other material combinations are still on the level of research in laboratories. The system efficiency (including energy consumption of pumps, etc.) of most systems is in the range of 60 to 75 %. Redox-flow batteries are a typical high energy battery and less suited for power applications with discharge times below one hour. Zinc/bromine batteries are similar to redox-flow batteries.
The battery consists of a zinc negative electrode and a bromine positive electrode separated by a micro porous separator. An aqueous solution of zinc/bromide is circulated through the two compartments of the cell from two separate reservoirs. Zinc is deposited in the stack during operation. This is a major difference to redox-flow batteries where the stacks themselves remain unchanged during charging and discharging. The zinc/bromine battery can be repeatedly fully discharged without any damage to the battery. This battery is predominantly made with low cost, recyclable plastics and manufactured with techniques suitable for mass production at low costs. The zinc bromine energy storage system is now in the first stages of commercialization. There are already some stationary installations. The performance of zinc bromine batteries is similar to redox-flow batteries; the efficiency at high rates is lower.
ECONOMIC ASSESSMENT
When evaluating most suited storage technologies, it is necessary to define the boundary conditions in terms of power, energy, response time and capital costs precisely to achieve comparable results. Two classes of storage applications in distribution systems are discussed in this paper with regard to suited storage technologies and cost estimations: A) Load-Levelling and B) Peak-Shaving. A life cycle cost (LCC) analysis has been performed for different storage technologies with respect to the two application classes. Each application is defined by the required charge/discharge power, the necessary energy content (resulting in the effective gross energy content of the storage), the number of cycles per day and the required overall system lifetime. If a storage technology is not able to achieve the required system lifetime, the storage system or the relevant subsystems are assumed to be replaced and the costs are accounted accordingly. The LCC takes into account investment costs for the storage medium itself including the necessary auxiliaries and the power interfaces for charging and discharging, resulting in corresponding capitals costs. The lifetime -for some technologies depending on the cycle depth -is also taken into account as well as costs for buying electrical energy for the compensation of the overall losses. In the following, the cost figures are given as capital costs related to the systems electricity output. The costs for purchasing the energy to be stored have to be added accordingly.
The results for the two applications mentioned above show the expected potential of existing and new battery technologies for the coming 5 to 10 years, based on a mass production.
to da y 5 to 10 ye ars Peak shaving is less expensive than load levelling as more frequent cycling and a smaller storage capacity improve the profitability due to the generally high investment costs for all these storage systems. The high-temperature batteries NaS or NaNiCl appear to be the most interesting technologies. Taking into account a mass production also the lead-acid battery has still a high potential. Although still more expensive than large scale storage systems like pumped hydro or Compressed Air Energy Storage (CAES) all the battery systems show much lower
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CIRED2009 Session 4 Paper No 0907 depreciation periods, thus qualifying for mid-term applications. As mentioned above such a battery system, designed for peak shaving or load levelling, can be multifunctional and would also be able to offer its capacity on the markets for primary and secondary control as well as for minutes reserve power.
E-MOBILITY
The use of batteries in electric vehicles is agreed to be the most promising way to bring renewable energy on the road. From a user's point of view the most favourable solution is a plug-in hybrid car. In this approach a relatively small battery (7…10 kWh, enough for more than 50 km) would be sufficient to cover the need for typical Germany' commuter traffic (about 94 % of the trips is less than 50 km, almost two third of all km driven in Germany by passenger cars are made during trips with less than 50 km). For this daily use, the charging can be done slowly, preferred at home or at work at a conventional power socket at a power up to 3 kW, allowing an acceptable charging duration of about 3 hours.
It is assumed that a car can stay connected to the grid for about 20 h/day on average which allows enough flexibility for charging with respect to the load and generation situation in the grid. Thus a significant number of electric cars can be operated as a virtual large storage system having the potential to reduce the need for stationary energy storage systems. Few numbers show the potential of the vehicle-to-grid scenario: Only 10 % of Germany's 45 Million cars equipped as plugin hybrids (10 kWh storage, 3 kW charger) amount for several GW well distributed installed power which can be interrupted if needed. The stored energy would be as much as 45 GWh which is already more than the total storage capacity of Germany's pumped hydro power plants.
Together with a bi-directional charger it even may be possible to feed the same power back to the grid. The charging/discharging will be controlled by a suitable management system, taking into account the needed storage capacity for circulation as well as the situation in the grid. Thus electric vehicles are in principle able to provide nearly all the grid services mentioned above in the time scale from milliseconds up to several hours.
CONCLUSIONS AND OUTLOOK
In future power supply systems, characterized by a steady replacement of nuclear and fossil fuels with renewable energy resources, a broad use of energy storage systems is a prerequisite in order to cope with the fluctuating nature of wind and solar energy. The study shows the expected potential of existing and new storage technologies for the coming 5 to 10 years. For seasonal storage or for storage aiming to cover also long-lasting periods up to a few weeks without wind, only large scale storage systems placed in the transmission grid (e.g. large hydro power plants or hydrogen, stored in salt caverns) could be a technically feasible solution. Compared to large-scale storage, the costs for battery storage systems are still considerably high but their advantage at distribution level is a wider field of applications. Close to the customer the storage system may also be multi-use, e.g. integrated in smart-grid concepts like micro-grids or virtual power plants. Mainly different battery technologies are competing in this field. At the time being the lead-acid technology is still one of the most economic systems and further progress of improving the lifetime seems to be possible. New battery technologies have to be further improved in order to come to more reliable numbers with regard to investment and operation costs as well as lifetime is concerned. At the moment high-temperature batteries like NaS or NaNiCl are the most interesting technologies. Lithium-ion and redox-flow technologies are comparable with regard to their potential. However, the lithium-ion technology is the only one which can be considered in plug-in hybrid or full electric vehicles. A further deployment of such cars can be expected and in combination with a suitable control system these cars may represent a huge energy storage system also to be used for grid issues in the future (vehicle-to-grid approach). These mobile storage systems may partly replace stationary storage systems with duty cycles in the range from 1 s up to 1 day. Taking into consideration that also long-term reserve power will be needed in the future, storage systems compete with alternative technologies such as open cycle gas turbines, distributed generation with CHP, load management, etc. Also the possibilities for an enhanced inter-state power transmission have to be regarded in order to interconnect regions with different climatic conditions. With respect to an appropriate appreciation of the ecological benefits of storage systems suited financial instruments for promoting these technologies at the market launch will be necessary similar to the ongoing promotion of renewable energies.
